We examine the effect of isospin-violating meson-nucleon coupling constants and meson mixing on the binding-energy differences of mirror nuclei using a relativistic mean-field approximation to the Walecka model. We find no important binding-energy corrections from the vector-meson sector; our model possesses no contribution from ρ-ω mixing at Q 2 = 0, and isospin violation in the vector-meson-nucleon vertices generates a small class III chargesymmetry-breaking potential. In contrast, we obtain large binding-energy differences-of the order of several hundred keV-from the pseudoscalar sector. Two effects are primarily responsible for this new finding: a) the inclusion of isospin breaking in the pion-nucleon coupling constant, and b) the in-medium enhancement of the small components of the bound-state wave functions.
I. INTRODUCTION II. VECTOR-MESON SECTOR
The CSB potentials which arise from isospin violation in the ω-meson-nucleon vertex and from ρ-ω mixing are given, respectively, by [1, 2, 12 ]
where
µ is the negative of the four-momentum transfer, Γ µ ≡ iσ µν (p ′ − p) ν /2M, and we have defined
Note that g N N ω , g N N ρ , and f N N ρ , are the isospin-conserving meson-nucleon coupling constants extracted from fits to two nucleon data and displayed in Table I using the Bonn B potential model [24] . Charge-symmetry breaking in the potentials is characterized by the appearance of two isospin-violating parameters: f ω 1 and ρ|H|ω ; an isovector-tensor ωN coupling constant and the ρ-ω mixing amplitude, respectively. Isospin violation in the ρ-meson-nucleon vertex induces an additional contribution to the CSB potential in the vector-meson sector [12] . However, we have computed the effect of this term on the ONS anomaly and found it to be negligible.
Our model is inspired by the notion of vector-meson dominance (VMD), so that the vector mesons couple to the appropriate isospin components of a conserved electromagnetic current. In models of this kind the ρ-ω mixing amplitude necessarily vanishes at Q 2 = 0 [4, 8] . Moreover, our VMD assumption places important constraints on the form of the isospinviolating vector-meson-nucleon vertex. Specifically, isospin breaking can occur only in the tensor part of the vertex; the vector coupling is protected by gauge invariance, at least at Q 2 = 0 [12, 25, 26] . Thus, gauge invariance precludes the appearance of a class III-vectorvector-component in the CSB potential generated from vector-meson exchange. For the analysis of ∆A this fact is of no consequence, as class III CSB potentials do not contribute to np observables. Indeed, the class IV contribution from ω-meson exchange is able to fill the role demanded by data; recall that this term is identical in structure and comparable in size to the one generated from on-shell ρ-ω mixing [12] . However, for observables in which the vector-vector component of V ρω CSB was believed to be dominant-such as in the case of the ONS anomaly [19] -the absence of the corresponding term from V ω CSB will have important phenomenological consequences. Indeed, in models in which vector mesons couple to conserved vector currents the impact from vector-meson exchange to the ONS anomaly must be marginal, at best. This conclusion is unavoidable: it follows directly from gauge invariance; gauge invariance forces the isospin-violating vector coupling and the ρ-ω mixing amplitude to vanish at Q 2 = 0. However, a calculation of binding-energy shifts using the on-shell value for the ρ-ω mixing amplitude is still useful, as it provides a baseline against which other CSB mechanisms can be tested. Thus, we conclude this section by computing the impact of the dominant class III vector-vector component of V ρω CSB to the ONS anomaly using first-order perturbation theory. The purpose of this exercise is to establish the size of the phenomenological gap that will have to be filled by alternate CSB mechanisms. Note that in the present letter we do not report binding-energy differences arising from the the interference (tensor-vector) terms, as their numerical impact is small (typically less than 10%). Moreover, we have verified that this small deficit can be accounted for by the interference terms already present in V ω CSB . We compute the single-particle spectrum in a relativistic mean-field approximation to the Walecka model [20] and incorporate CSB corrections in the Hartree-Fock approximation, i.e.,
Note that the relevant isospin factors (+2 for pp and −2 for nn) have not been explicitly included in the above expressions; these factors have been incorporated in the binding-energy differences reported in Tables II and III . In Eq. (4) the sum runs over occupied orbitals in the Fermi sea, and we have introduced the Fourier transform of the off-diagonal timelike-vector density
Several remarks are in order. First, we have ignored the contribution from the Dirac sea (negative-energy states) in the evaluation of the single-particle spectrum as well as the in the CSB corrections to the energies. Second, for spherically symmetric nuclei only the timelike part [γ 0 (1)γ 0 (2)] of the potential contributes to the Hartree term; for static sources and fields, current conservation prohibits the appearance of a three-vector current [20] . Thus, as far as the Hartree term is concerned, the CSB potential generated from ρ-ω mixing behaves as a massive Coulomb potential. Third, even though the spacelike-part [γ(1)·γ (2)] of the potential contributes to the Fock term, it is of little numerical significance and has been neglected. Finally, we suppress vector-meson production by ignoring retardation effects in the meson propagators.
For spherically symmetric nuclei the calculation of the binding-energy shifts simplifies considerably. In this limit the eigenstates of the Dirac equation can be classified according to a generalized angular momentum κ and can be written in a two component representation; i.e.,
The upper and lower components are expressed in terms of spin-spherical harmonics defined by
The binding-energy shifts can now be easily evaluated. That is,
where q ≡ |q| and we have defined the following quantities
Note that the Fourier transform of the off-diagonal timelike-vector density has become
Using the Bonn B potential parameters of Table I [ 24] , and a value of ρ|H|ω = −4520 MeV 2 for the on-shell ρ-ω mixing amplitude [27] , we obtained the binding-energy differences reported in Table II . These values are in qualitative agreement with those reported by Blunden and Iqbal [19] and, more recently, by Barreiro, Galeão, and Krein [22] . It is interesting to note that, in contrast to the long-range Coulomb potential, the Fock term generates a substantial exchange "correction" (of the order of 30-40%) to the direct Hartree contribution. Table II also includes the remaining discrepancy between experiment and three theoretical calculations of the Coulomb displacement energy [23, 28] . Note that the reported nonrelativistic discrepancies (∆ DME and ∆ SKII ) differ-in some cases by a large fraction-from the recent relativistic estimates (∆ REL ) of Koepf, Krein, and Barreiro [23] .
III. PSEUDOSCALAR-MESON SECTOR
The CSB potential which emerges from isospin violations in the pseudoscalar-meson sector is given by,
with V
CSB made out of contributions arising from isospin violation in the pion-nucleon vertex and from π-η mixing [12] , respectively,
The isospin-conserving pion-nucleon coupling constant g N N π is given by the Bonn B potential value listed in Table I . For the ηN coupling constant we have decided to use a value extracted from SU(3)-flavor symmetry [29] , rather than the Bonn-potential value of g 2 N N η /4π = 2.25. Indeed, it is believed that the Bonn potential overestimates the coupling; a recent analysis based on η-photoproduction data suggests values as low as g 2 N N η /4π < ∼ 0.5 [30] (see also Ref. [31] ). For the ηN cutoff parameter we have simply assumed: Λ N N η = Λ N N π ; our calculations are fairly insensitive to the choice of cutoff.
The two parameters driving the CSB potential are the isospin-violating pion-nucleon coupling constant (g π 0 ) and the π-η mixing amplitude ( π|H|η ). CSB potentials derived from π-η mixing have been included in the nonrelativistic analysis of the ONS anomaly by Blunden and Iqbal [19] . However, to our knowledge, CSB potentials arising from isospin violation in the meson-nucleon coupling constants have never been incorporated into the analysis of the anomaly, and only recently have they been used to study isospin violations in low-energy pion-nucleon scattering [13] . Moreover, π-η mixing has not been included in the recent relativistic studies of binding-energy differences of mirror nuclei [21, 22, 23 ]. Yet, one might expect important relativistic corrections in this channel, as a pseudoscalar vertex is highly sensitive to the in-medium enhancement of the small components of the wave functions.
We shall now compute the binding-energy shifts that arise from the CSB potential given in Eq. (11) using a mean-field approximation to the Walecka model, as in Sec. II. Because of the assumed pseudoscalar vertex, parity precludes a Hartree correction to the energy [20] . Thus, we only need to evaluate the Fock term. That is,
where we have introduced the Fourier transform of the off-diagonal pseudoscalar density
As in the previous section, the calculation simplifies considerably in the limit of spherically symmetric nuclei. In this limit, we obtain a binding-energy shift given by,
and with
Note that the pseudoscalar density is, as expected, linear in the small components of the wave functions and, thus, highly sensitive to their in-medium enhancement. Moreover, the induced energy shifts are positive definite-as suggested by the ONS anomaly-for all single-particle states.
For the π-η mixing amplitude we have used the accepted value of π|H|η = −4200 MeV 2 [29] . For the isospin-violating pion-nucleon parameter we have adopted the nonrelativistic quark-model estimate of Refs. [12, 13] ; i.e.,
where m = 313 MeV is the average constituent quark mass and ∆m = 4.1 MeV is the updown quark mass difference [32] . Although this value is model dependent, it is compatible with other estimates available in the literature [2] and, in particular, with the recent value reported by Henley and Meissner from QCD sum rules [33] .
The pseudoscalar contribution to the binding-energy difference of mirror nuclei is displayed in Table II . We have listed separately the contributions arising from isospin violation in the pion-nucleon coupling constant and from π-η mixing-with the former accounting for about 60% of the total. Moreover, relativistic effects induce an additional enhancement in the binding-energy differences, relative to the nonrelativistic estimates of Blunden and Iqbal [19] . From Table II one observes that the binding-energy differences from the pseudoscalar sector are comparable-if not larger-than those computed originally with ρ-ω mixing. Indeed, the pseudoscalar sector-alone-accounts for about 70-85% of the discrepancy between the nonrelativistic theory and experiment.
To gauge the importance of relativity we have also computed the binding-energy differences by assuming that the lower component of the wave function is determined from the free-space relation; the upper component remained unchanged, apart from a small normalization correction. These "nonrelativistic" values appear in parenthesis in Table III next to the uncorrected numbers. The relativistic corrections are, indeed, very significant. This is in sharp contrast to the relativistic enhancements-of less than 5%-observed for ρ-ω mixing; recall that only the dominant vector-vector component has been included, which is relatively insensitive to the enhancement of the small components of the wave function. Perhaps the result that best captures the essence of the present work is the 39 Ca-39 K binding-energy difference (the 1d Table III ). Our baseline value for this difference is 65 keV; this represents our best attempt at reproducing the result by Blunden and Iqbal [19] , namely, a nonrelativistic calculation with g π 0 ≡ 0. However, introducing, both, relativistic corrections and isospin violation in the pion-nucleon coupling constant increases the baseline value to 435 keV; this represents an enhancement of more than a factor of six.
IV. CONCLUSIONS
We have computed binding-energy differences of mirror nuclei in a relativistic mean-field approximation to the Walecka model. We have included two sources of charge-symmetry breaking; isoscalar-isovector mixing in the meson propagator and isospin violation in the meson-nucleon coupling constants. For the vector-meson sector we have used a VMDinspired model. We have concluded, in contrast to previous analyses that employed the on-shell value of the ρ-ω mixing amplitude [2, 19] , that CSB potentials generated from vectormeson exchange can not account for the bulk of the binding-energy discrepancy between theory and experiment. For VMD-like models, this conclusion is unavoidable-as gauge invariance forces, both, the ρ-ω mixing amplitude and the dominant vector-vector component of the ω-meson exchange potential to vanish at Q 2 = 0. We have proposed pseudoscalar exchange as an alternate mechanism to fill this phenomenological gap. We have computed binding-energy differences that were comparable-and in most cases larger-to those obtained from previous estimates using on-shell ρ-ω mixing. We have concluded that the pseudoscalar sector-alone-could explain about 70-85% of the ONS anomaly. Two effects, ignored until now, were responsible for these findings: a) the inclusion of isospin violation in the pion-nucleon coupling constant, and b) relativity, which enhances the small components of the bound-state wave functions relative to their free-space value.
It is gratifying that isospin violation in the pseudoscalar sector generates binding-energy differences that are commensurate with those computed originally using the on-shell value for the ρ-ω mixing amplitude. Yet, we must conclude with a word of caution. Throughout this work we have assumed a pseudoscalar coupling for, both, the NNπ and NNη vertices. However, other choices-all of them equivalent on-shell-are possible; such as pseudovector coupling. There is no definite prescription on how to take the CSB potential off-shell. Moreover, it is likely that a pseudovector coupling will generate smaller binding-energy differences than the ones computed here. Nevertheless, we have presented a plausible scenario that could explain most of the Okamoto-Nolen-Schiffer anomaly, without recourse to ρ-ω mixing. TABLE III. Contribution to the binding-energy differences of mirror nuclei (in keV) arising from isospin violation in the pion-nucleon coupling constant, π-η mixing, their sum, and on-shell ρ-ω mixing. Included in parenthesis are the corresponding quantities computed with lower components generated from the free-space relation. 
